Passive continental margin subsidence is initiated by the synrift mechanical stretching of the lithospheric upper brittle layer and continues during the postrift phase; the thermal cooling and contraction of the upwelled asthenosphere forces the margin to subside in addition to the overloads from sea water and sediments. Therefore, the total subsidence in stretched basins includes faultcontrolled initial sinking, thermal subsidence and flexural isostatic compensations. Decoupling and estimating the different components of this subsidence from stratigraphic analysis and restricted geophysical and sedimentological databases remains problematic. In particular, backstripping the sediment layers requires a well-constrained geological framework. A method is proposed here to investigate the subsidence history of a margin based on forward stratigraphic modelling. Using the Sedflux model, several experiments are done using generally agreed upon assumptions on the parameters describing lithospheric rheology and isostatic behaviour of a margin. The stratigraphic modelling of the Rhône deltaic margin during the last climatic cycle (125 kyr) provides an assessment of these parameter estimates and their influence on geohistory (tectonic/thermal subsidence and sediment loading). The model results confirm the important impact of water loading on vertical deflection along the platform between glacial low sea-level and interglacial high sea-level. Based on Gulf of Lions (NW Mediterranean) observations, a conceptual method that uses the stratigraphic simulations is produced in order to evaluate the different components of the total subsidence of a margin, and, in particular, the relative impact of tectonic subsidence and sediment load.
Introduction
Present-day stratigraphic organisation and sedimentary thickness on a platform are products of cumulative changes in sedimentary systems through time. The location and preservation of depocentres, as shown by seismic profiles from the shelf, result from changes in accommodation. A significant subsidence rate of the margin is necessary to permit a continuous record and preservation of a depositional sequence. On passive margins, subsidence, sediment and water loading) during a relatively short geological interval. 106 107
Subsidence and Isostasy 108 109
Sediment dispersion and deposition in a sedimentary basin is the product of the interplay 110 between the generation of accommodation and sediment supply. Sediment accumulations and 111 their internal geometries are therefore controlled largely by the tectonic/thermal and isostatic 112 mechanisms that cause subsidence (Fig. 1) . Change in accommodation is thus an important 113 part of the driving mechanisms responsible for the stratigraphic pattern in basin-fill. If we 114 consider a theoretical lithological column, these mechanisms can be subdivided into: 1-115 tectonic forcing controlling the spatial and temporal pattern of subsidence and the evolution 116 of the sediment routing system, and 2-eustasy that essentially controls accommodation and 117 sets base level (Allen and Allen, 2005) . As a consequence, several vertical motions of the 118 reference level can be observed (Fig. 1) . Motions can be inferred from the evolution of each 119 lithological unit and lead us to define the different components of the total subsidence (S). 120
The lithospheric structural processes of margin formation and evolution through time are 121 involved in the tectonic/thermal subsidence (TS), whereas global eustasy and sedimentation 122 are associated and have an important impact on the isostatic response of this margin. Sea 123 water defines the water loading (WL), which relies on sea-level variations. The thickness of 124 sedimentary accretion is the result of erosion/deposition processes; it contributes to the 125 sediment load (SL). We define "geohistory" subsidence (GS) as the combination of TS and SL. 126
Seismic stratigraphy is one way to evaluate GS through time, often between two successive 127 interglacial high sea-levels in order to remove the effects of sea-level variations. Below we 128 subsidence and sediment load in the geohistory subsidence (Fig. 2) . The present-day tectonic/thermal subsidence of a margin is a long-term geological process 146 that directly results from its structural and thermal context and history, and from its age 147 ( 
163
A change in global sea-level relative to a reference datum is known as eustasy (Lisitzin, 164 1974 ). Eustasy in turn is one of the major causes of relative sea-level changes through hydro-165 isostasy (Johnston, 1995; Lambeck, 1997 Lambeck, , 2000 Peltier, 2002; Posamentier et al., 1988) , and 166 thus impacts accommodation. Any increase (or decrease) of ocean volume must be 167 compensated isostatically. Global sea-level changes are largely due to global climatic 168 changes. As the earth's climate cools, the ocean surface cools and ocean volume decreases 169 (the steric effect). Additionally ice-sheets may form, storing water on land and reducing the 170 ocean volume. During a warming period, ocean volume changes will move in the opposite 171 direction. The major consequences of sea-level rise are observed at the glacial/interglacial 172 transition, with differences between low and high sea-level positions of more than 120 m; 173 between successive interglacial sea-level positions, the differences are minor. 174
Flexure of the lithosphere: isostatic compensation 176
the columns above this depth of compensation must be equal. This is a local isostatic balance 179 (Airy, 1855; Pratt, 1855); the deflection of the crust at any location depends only on the local 180 overload at that location (Airy and Pratt models of compensation). But the local isostatic 181 balance neglects the lateral strength of the lithosphere and its relative rigidity. A more 182 realistic model assumes that the lithosphere responds to loads like an elastic plate overlying 183 an inviscid fluid (Kirby, 1983) . Application of Archimedes principle suggests that bent 184 continental plates are buoyed up by a force equal to the weight of the displaced mantle 185 (Turcotte and Schubert, 1982) . The net effect is for the entire region affected by flexure to be 186 in regional isostatic balance. The lithosphere behaves approximately as an elastic beam of 187 some assumed rigidity. A more rigid beam produces a broader and shallower deflection. A 188 less rigid beam results in a deeper and narrower deflection. 189
190
A quantitative way to estimate the rigidity of the lithosphere is its effective elastic thickness 191 (EET) (Burov and Diament, 1995; Watts, 1992) . 192
Two constants, the Poisson's ratio (ν = 0.25) and the Young's modulus (E = 7.10 10 N/m 2 ), 194 characterize the rheology (the stress/strain relationship) of the elastic portion of the crust and 195 mantle lithosphere. D is the flexural rigidity in N/m. EET appears to be independent of the age 196 of the load (Watts et al., 1982) , which suggests that the elastic stresses that cause deflection, 197
do not relax on a geological time scale. Adding a sediment and/or water load to the deflection 198 causes the amount of deflection to increase. The most complete dataset currently available 199 (Watts, 2001) This study defines a method to better constrain the environmental and structural settings of a 234 study area (Fig. 2) , especially the isostatic behaviour of a continental shelf under different 235 loading conditions (variations in sediment and water loads). There are different ways to 236 estimate components of subsidence and to approach a margin's isostatic characteristics. The 237 weakness of methods, such as "backstripping", is that they often require much knowledge 238 about general settings that lead to many assumptions. In order to fix the isostatic parameters lithosphere is assumed to have a linear elastic rheology, 2-the deflections are assumed to be 292 small, 3-the elastic lithosphere is assumed to be thin compared to the horizontal dimensions 293 of the plate, 4-planar sections within the plate are assumed to remain planar after deflection. 294
For a single vertical load applied to the Earth's crust, the resulting displacements are given 295 by: 296 
where w 0 is the equilibrium deflection as determined by Equation (2) of the geohistory subsidence (GS) (2 in Fig. 2 ). The identification of dated erosion 322 paleosurfaces permits us to quantify their vertical evolution through time and to estimate thedue to sediment deposition (SL). Using the GS estimation and the sea-level variations as input 325 parameters, the stratigraphic modelling can be realized with Sedflux (3 in Fig. 2) . 326
327
The first stage of modelling is to experiment with different ranges of parameters that set the 328 isostatic adjustment, in order to define of the best effective elastic thickness and relaxation 329
time. The first model is run only with the GS subsidence (4 in Fig. 2 ), and provides a view of 330 the tectonic subsidence added to the sediment load effect on the margin during the simulated 331
time. The second model run does the same with eustasy (5 in Fig. 2 ). Therefore the margin 332 responds to changing water load due to sea-level variations and consequently water column 333 thickness fluctuates (WL). The combination of GS and eustasy is used for the third simulation 334 (6 in Fig. 2) , and corresponds to the modelling of the total subsidence (S) as all components 335 are considered. These results are compared to the stratigraphic pattern observed on seismic 336 profiles and parameters are adjusted in order to minimize the differences between model 337 results and field observations (7 in Fig. 2) . 338
339
The final stage of this method is to quantify the fraction of tectonic subsidence (TS) relative to 340 the sediment load (SL) within the GS subsidence. For this simulation, a constant sediment flux 341 is added to the GS subsidence and the eustasy, with the objective to reproduce the 342 sedimentary thicknesses observed on seismic analysis (8 in Fig. 2) . We call the resulting 343 simulated subsidence S', as it corresponds to the addition of total subsidence (S) with the 344 sediment load (SL) (9 in Fig. 2 ). The comparison between S and S' allows us to estimate the 345 effect of sediment load (SL) (10 in Fig. 2) . Finally, the values of SL serve to partition GS 346 subsidence into sediment load (SL) and tectonic/thermal subsidence (TS). Therefore, the suitemotion of the margin. erosion paleosurfaces that are interpreted as representing 100 ky glacial cycles (Fig. 5) . The 445 present position of the Messinian erosion surface is consistent with this value, and this work 446 was used as a reference for estimating the vertical evolution of the margin (Fig. 6) . 447 LGM and the present-day position of this paleoshoreline, confirms the importance of the 459 isostatic rebound due to decreasing water column (Lambeck and Bard, 2000) . 460 461
Results 462 463
Insert Table 1  464   465 Based on these estimates of the geohistory subsidence and using a compilation of global sea 466 level from Waelbroeck et al. (2002) (Fig. 6) , we ran several isostatic models with Sedflux for 467 the last climatic cycle from 125 ky (MIS-5) to present-day (MIS-1) (Fig. 2) . Models R1-R5 468 (Table 1) represent different isostatic adjustments obtained from the range of parameters 469 tested and are broadly consistent with isostatic effective elastic thickness (EET) and relaxation 470 time (RT), described in similar studies (sect. 4.2). The EET allows us to set local to regional 471 flexural isostatic compensation and RT to fix slow to fast margin adjustments (Table 1) The seismic discontinuity D70 (formed during MIS-2) is presently observed at the position 488 that corresponds to interglacial MIS-1. D70 is used as the initial surface for the simulation. 489
We make the assumption that this surface represents the closest position that was occupied by 490 the previous seismic discontinuity D60 (formed at the penultimate glacial period MIS-6) 491 during the last interglacial MIS-5 (125 ky). The final surface at the simulation end is 492 compared with the present-day position of D60 on seismic profiles. Otherwise, as described 493 on seismic profiles, sandy wedges with high-angle clinoforms are preserved on the outer shelf 494 and represent successive glacial shorefaces that can be used as a "dipstick" for sea-levels. It 495 must be noted that the magnitude of erosion of these deposits was different during the last two 496 glacial cycles; the last glacial sandy shoreface being better preserved compared to thesurface, based on these features, is feasible. 499 We tested EET ranging from 50 to 100 km. Our results show that this value has relatively 513 limited impact on the position of the final observed surface (Fig. 7) . Only a difference in the 514 isostatic response during the glacial period can be observed. In contrast, large variations of the 515 position of final surfaces on the basis of different RT confirm the importance of this semi-516 empirical parameter, controlled by upper mantle cooling (sect. 2.2.2). The difference between 517 the simulated and observed final position of D60 is associated with the morphological 518 difference between D70, used as the initial surface, and D60, the modelled surface (Fig. 7) . 519
The comparison is made to sandy paleoshorefaces that mark the paleoshoreline position 520 through time. There is a good match between the simulated and observed paleoshoreline, 521 except for differences in erosion. At this stage, the simulations do not take this erosion intouse an effective elastic thickness of 65 km and a relaxation time of 3,500 years (Table 1) Stratigraphic modelling points to a specific position along the section through the 125 ky of 534 simulations. We observed, in particular, the evolution of the elevation at 100 km, where the 535 total subsidence (S) variations can be quantified (Fig. 8) . Simulations have taken into account 536 only the geohistory subsidence (GS) or the water loading (WL) effect. Therefore, S, WL and 537
GS are plotted as a function of simulated time and the difference of evolutions can be 538 monitored (Fig. 8) . The modelling confirms that the simple addition of WL and GS is not 539 sufficient to reproduce the total subsidence. The evolution of each component of subsidence is 540 dependant on the others. In particular, the water loading is mainly the consequence of relative 541 sea-level, which is partly dependant on the geohistory subsidence (Fig. 1) . The second aspect, 542 deduced from these observations, is to consider the rapid total subsidence variations as the 543 results of the water loading fluctuations. The GS is assumed to be constant along the 544 simulations; the sea-level oscillations are the only parameter that can modify the load on the 545 shelf. As a result, total subsidence mimics the seal-level variations of the last climatic cycle 546 (Fig. 8.2) . 547
Insert Figure 8 549

The geohistory subsidence and water loading effect 551 552
We estimate the importance of water loading on the vertical evolution of the shelf. From the 553 tests described in figure 7 , the platform is uplifted as sea-level falls until the glacial period 554 (21 ky) even with geohistory subsidence active. Confirmation is seen in the results from the 555 adapted isostatic model R8 (Fig. 8) ; the elevation, which only takes into account water 556 loading, rises between 125 and 21 ky and then rapidly drops after the Glacial period when 557 relatively low sea-level unloads the shelf. The impact of the WL on the shelf, between the 558 glacial sea-level lowstand (21 ky) and the present-day highstand, can cause isostatic sinking 559 of about 20 m at 100 km on the simulated section (Fig. 8) . 560
561
Similarly the progressive sinking of the margin due to the combination of the tectonic/thermal 562 subsidence and the sediment loading (GS) is estimated to be about 15 m for the last climatic 563 cycle and about 5 m for the last deglaciation (from 21 ky to present-day). 564 565
Estimation of the sediment loading effect 566 567
Tectonic/thermal subsidence and sediment loading both contribute to the GS, which has been 568 evaluated as 15 m of subsidence during the last climatic cycle (Fig. 8) . During the 569 stratigraphic model simulation R8, the sediment load contribution is taken into account in the 570 GS, as we did not add sediment into the model domain. In order to estimate the contribution 571 of sediment load into the GS, the model R9 was run with a sediment source ( Table 1 ). Theequivalent to that measured on the seismic interpretation. 574
575
For this study, we considered the sediment influx as a constant parameter during the 125 ky; 576 locally, the change in accommodation and the sediment load could suffer from this 577 hypothesis, but the isostatic model, used to simulate the behaviour of the margin, is a regional 578 flexural model and local loads do not have a significant impact on the isostatic response. and the simulated D70, as we modelled the sedimentary thickness between these two major 586 erosion surfaces (Fig. 9) . The difference between simulated D60 from R8 (SL is comprised in 587 GS) and from R9 (2xSL) provides about 5 more meters of total subsidence (S+SL) at the end 588 of the last climatic cycle simulation (Fig. 9) , compared to the previous R8 total subsidence 589 (S). It is mainly from the added SL contribution. If we now consider the 15 m of GS for the 590 last climatic cycle, we can infer about 10 m of sinking related to the tectonic and thermal 591 subsidence. Consequently, and from these 125 ky simulations, about 1/3 of GS is a result of 592 sediment load (SL), while the remaining 2/3 is due to thermal subsidence (TS). Table 2  614 From the simulations, we estimate each component of the total subsidence (S) ( Table 2 and 616 represented by the sediment load (SL). These estimates are similar to those defined by Bessis 626 and Burrus (1986) . They are in the same range as estimates for other areas found in the 627 literature (sect. 4.2) (Fig. 2 ). These comparisons demonstrate that our method provides, for 628 short time-periods, results in the same range as those obtained through traditional approaches 629 for longer time-scales. It allows one to take into account the hydro-isostatic effect, which is a 630 key parameter for studying the impact of Quaternary glacial-interglacial sea-level changes. 
